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Abstract: The standard interpretation of the Stern-Gerlach experiment
assumes that the atomic center-of-mass plays the role of “quantum appa-
ratus” for the atomic spin. Following a recent, decoherence-based, model
fitting with this interpretation, we investigate whether or not such model
can be constructed. Our conclusions are somewhat surprising: only if the
screen capturing the atoms in the experiment brings the information about
the atomic-nucleus center-of-mass, one may construct the model desired. The
nucleus CM system is monitored by the nucleus “relative system (R)”. There
appear the effective (the electrons-mediated) interaction between CM and
R that is possibly responsible for decoherence. For larger atoms, the inter-
action scales as Z2 (Z is the “atomic number”), being totally independent
on the atomic mass. The interaction selects the CM-wave-packet states as
the approximate pointer basis. Interestingly enough, the model stems nonoc-
currence of decoherence due to the internal environment for the larger sys-
tems (such as the macromolecules and the macroscopic systems). Certainly,
disproving this model (e.g. in an experiment) stems the active role of the
screen, which becomes responsible for the “CM + spin”-state “reduction”
(“collapse”), i.e. for the irreversible retrieval of the classical information from
the quantum world.
1 Introduction
The Stern-Gerlach experiment is a paradigm of the quantum measurement of
spin 1
2
. The standard interpretation of the experiment (cf. e.g. [1, 2, 3]) dis-
tinguishes the atomic center-of-mass system as playing the role of the quan-
tum “apparatus” that brings the (classical) information about the atomic
1
spin. The interpretation assumes the definite trajectory of every single atom
(in an ensemble of atoms) that is in one-to-one correspondence (classical cor-
relation) with the spin-projection along the axis of the external magnetic
field. However, in the more refined analysis, this interpretation calls for the
additional arguments.
The point is the role of the final screen capturing the atoms in the experi-
ment. First, in the case where the screen is a passive element simply recording
the objectively existing trajectories (as distinguished above) the screen serves
for the so-called quantum measurement of the second kind (the “retrospec-
tive” measurement) [3]-the screen does not bring any decision, it just records
the objectively present trajectories. On the other side, having the “active
role” in the experiment, the screen provides the information about the tra-
jectories, which have never objectively existed before the screen. In the terms
of the von Neumann’s quantum measurement theory [3]: the screen plays an
active role in the “reduction” (“collapse”) of the center-of-mass state.
Formally, the first scenario calls for the “mixed” state of the “center-of-
mass+spin (CM+S)” composite system in front of the screen, e.g.:
ρˆCM+S =
1
2
| ↑〉CM〈↑ | ⊗ |−〉S〈−|+ 1
2
| ↓〉CM〈↓ | ⊗ |+〉S〈+| (1)
where | ↑〉CM and | ↓〉CM are the states of the “center-of-mass” system (up
and down trajectories, respectively) and |−〉S and |+〉S are the eigenstates of
the spin projection along the axis of the external field. The second scenario,
however, assumes the pure, entangled state in the composite system in front
of the screen e.g. of the simplified form (but see [4] for more details):
|Ψ〉CM+S = 1√
2
(| ↑〉CM |−〉S + | ↓〉CM |+〉S) . (2)
Interestingly enough, there does not seem to appear a room for another in-
terpretation of the experiment: the trajectories are either objectively present
in front of the screen, or they are not. In the terms of the quantum measure-
ment theory [3], one may say that the quantum-state “reduction” (“collapse”)
occurs–if at all–either in-front-of or just on the screen.
Deciding which interpretation is correct is a subtle task, indeed. To this
end, recently, a qualitative model (yet, in principle, allowing experimental
test) has been proposed [5]. Actually, following the first scenario (stemming
yet from the traditional wisdom), a need for the decoherence-like process for
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the CM system has been elevated. Namely, the mixed state eq. (1) requires
the decoherence-like process [6, 7, 8], which might be responsible for the
appearance of the “objective” trajectories in front of the screen. Interestingly
enough, in the context of this (standard) interpretation, it seems that the
occurrence of decoherence does not have any alternative.
Following this finding, the so-called “relative coordinates” (the subsystem
R) of an atom has been proposed to play the role of the “environment”, which
might be responsible [5-8] for the appearance of the trajectories of the atom in
front of the screen. This qualitative picture offers a consistent interpretation
of the Stern-Gerlach experiment. First, it completes the standard (and widely
used) interpretation of the experiment, and, second it implies non-existence
of the definite trajectories (i.e. implies appearance of the spatial interference)
for the quantum particles not bearing any internal structure (the subsystem
R), such as e.g. the free electrons.
In this paper, we elaborate the model of Ref. [5]. Actually, we start an
“ab initio” analysis of the atomic system in search for the interaction between
CM andR, denoted as HˆCM+R, that might be responsible for the decoherence
[5, 7, 8], i.e. for the appearance of the CM ’s “objective” trajectories in front
of the screen. To this end, we find that “CM” is the nuclear-system center-
of-mass, not yet the center of mass of the atom as a whole (in contrast
to the wide-spread believing [1, 2, 3]), while the corresponding interaction
is a reminiscent of the Coulomb interaction between the electrons and the
protons in the atom. Our quantitative estimations stem the relative increase
of the strength of HˆCM+R for the larger atoms. Interestingly enough, the
strength scales as Z2 (Z being the so called atomic number) for larger atoms,
being yet totally independent on the mass number A. In other words: as
distinct from the traditional expectation, the atomic mass does not appear
as a parameter of importance for the interpretation of the SG experiment,
i.e. for the occurrence of decoherence in CM system.
Of course, in the case of the physical (e.g. the experimental) disprov-
ing of our conclusions (i.e. rejecting the decoherence-based model), there
remains the alternative scenario–cf. eq. (2)–as the only remaining candidate
for interpretation of the Stern-Gerlach experiment. Needless to say, this
possibility might reinforce the interpretation of the non-repeatable quantum
measurements as the basic source of the irreversible retrieval of the classical
information from the quantum world.
3
2 The atomic subsystems
“Atom” is a complex system–it consists of the electrons, the protons and in
general the neutrons. This fundamental definition is however usually inac-
cessible experimentally. Actually, likewise for the macroscopic systems, the
atoms (but also the molecules) are usually observed by observing their center-
of-mass degrees of freedom. This is actually the case in the SG experiment:
the screen captures the atoms thus revealing their center-of-mass positions,
while usually not providing us with any information about the internal state;
this is the reason one may assume the ground internal-state of the atom.
In general, the linear canonical transformations
~ˆR
CM
=
N∑
i=1
mi~ˆri/
N∑
i=1
mi (3)
introduce the center-of-mass (CM) of an N -particle system, likewise the
“relative coordinates”(R)
~ˆρRα = ~ˆri − ~ˆrj (4)
where ~ˆrm represents the position of the m-th constituent particle of the com-
posite system. The inverse transformations also hold
~ˆri = ~ˆRCM +
N−1∑
α=1
ωα~ˆρRα
(i), (5)
where ωα = mα/M (mα’s are the masses of the constituent particles, whileM
is the total mass of the system). Bearing in mind eqs. (3), (4), (5), we point
out the first observation as made in [5]: introducing the CM system neces-
sarily calls for the “relative system” R as formally described (non-uniquely)
by the relative coordinates eq. (4). The standard model of the Stern-Gerlach
experiment fully discards the (sub)system R from the considerations, while
assuming R to be in the ground state, and the atomic spin being describable
solely by the state of the valent electron. And so appears the basic idea of
the decoherence-based approach [5]: introducing the system R as the CM ’s
environment might complete the physical picture as described in Introduc-
tion.
2.1 The general task
We search for the possible physical origin of the interaction HˆCM+R, which
is necessary [6, 7, 8] for the occurrence of the CM ’s decoherence. More pre-
cisely: our starting point is the fundamental model of an atom–defined as a
collection of the electrons, protons and neutrons–and we search for the (ef-
fective) interaction between the properly defined CM and R systems. Once
having a proper model of interaction, we investigate the possible “pointer
basis (states)” and the relative strength of the interaction as essential for
the description of the desired decoherence effect. The analysis bears some
subtlety yet, as apparent in the sequel.
In order to elaborate this decoherence–based model, we begin from the
very definition of the atomic Hamiltonian, for the atom defined as a collection
of the electrons, protons and the neutrons. Then, the atomic Hamiltonian
reads:
Hˆ =
Z∑
i=1
TˆEi +
Z∑
j=1
Tˆpj +
A−Z∑
k=1
Tˆnk + Vˆ
ee
Coul + Vˆ
ep
Coul + Vˆ
pp
Coul + Vˆnucl (6)
with the following meaning for each term: Tˆ stands for the kinetic terms,
VˆCoul for the Coulomb interaction of the pairs of particles (ee-the electrons,
ep-the electron-proton, pp-the protons pairs), and the nucleon interaction for
a pair (n, n′) of nucleons is given e.g. by [9]:
Vˆ nn
′
nucl ≡ −γ2
exp(−µ|~ˆrn − ~ˆrn′ |)
|~ˆrn − ~ˆrn′|
(7)
where γ is a constant and r= 1
µ
is the range of the nuclear forces. For sim-
plicity, we omit the comparatively weak interactions, such as the spin-spin
or spin-orbit interactions in the atom.
(a) The atomic center of mass
We apply the linear canonical transformations eqs. (3), (4) to the funda-
mental model of “atom”, eqs. (6), (7). Instead of the model “electrons +
protons + neutrons”, we introduce the center of mass CM and the “relative
system” R of the atom as a whole, thus defining the following tensor-product
structure of the atomic Hilbert state space: H = HCM ⊗ HR ⊗ HS, where
the index S refers to the atomic spin.
Bearing in mind the standard model of the SG experiment, the atom ex-
posed to the external magnetic field is described by the following Hamiltonian
(that is a straightforward transform of eq. (6)):
Hˆ = TˆCM + HˆR + HˆCM+S, (8)
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where HˆCM+S = µBB(zˆCM)⊗ Sˆz is the standard term [5] coupling the exter-
nal magnetic field (for simplicity lying along the z-axis) and the atomic spin
Sˆz, while the R-system’s self-Hamiltonian reads:
HˆR =
Z+A−1∑
α=1
TˆRα + Vˆ
(R)
nucl + Vˆ
(R)
Coul + Mˆ
(R)
ην , (9)
in analogy with eq. (8), and Mˆ (R)ην is the internal interaction (cf. Appendix
1).
Regarding eq. (9), it is important to note: being the distance-dependent,
all the original interactions (the Coulomb interactions and the nuclear inter-
actions in eq. (6)) transform into the “external fields” (the one-particle po-
tentials V (~ˆρRi)) for the “relative particles” system R (cf. Appendix 1). These
effective potentials are the terms of the R’s self-Hamiltonian HˆR. Needless
to say, this gives the exact separation of CM and R that does not leave a
room for the desired decoherence of the CM states.
In the terms of the quantum states, the initial state, e.g.,
|Ψ〉CM |0〉R 1√
2
(|+〉S + |−〉S)
(where we omit the symbol of the tensor product) dynamically transforms
as presented by the following simplified expression:
Uˆ |Ψ〉CM |0〉R 1√
2
(|+〉S + |−〉S) = 1√
2
(| ↑〉CM |0〉R|−〉S + | ↓〉CM |0〉R|+〉S).
(10)
Uˆ is the unitary operator of evolution in time generated by the Hamiltonian
eq. (8)–recall that the system CM + R + S (plus the external classical
magnetic field) is an isolated quantum system. By tracing out the system R,
one obtains the entangled state eq. (2).
So, we conclude: the introduction of CM and R of the atom as a whole
does not provide the occurrence of decoherence as desired in Section 1. In-
terestingly enough, this is not the end of the program, as it is shown in the
sequel.
(b) The nucleus center of mass
More than 99.99 per-cents of the atomic mass is placed in the atomic nucleus.
Practically, it is truly hard to distinguish between the atomic and the nucleus
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center-of-mass systems. So, we investigate another application of eqs. (3),
(4): we introduce the center-of-mass system and the “relative system” for
the atomic nucleus while leaving the electrons variables intact.
Introducing the collective degrees of freedom of the atomic nucleus is
the standard procedure in nuclear physics [10, 11]. On the other side, the
similar idea appears in certain models of the quantum measurement theory,
unfortunately not yet being fully elaborated [12]. So, introducing the center
of mass of the atomic nucleus not yet involving the electrons is physically
legitimate a procedure. Its relation to the procedure presented in (a) will be
discussed in Section 4.
Then, “atom” is a composite system defined as “E+CM+R+S”, where
E stands for the electrons-system, CM and R for the nucleus center-of-mass
and the “relative” systems, respectively, while S is the atomic spin. The
corresponding Hilbert state space of “atom” now reads: H = HE ⊗HCM ⊗
HR ⊗HS; we hope the use of the same notation for the center-of-mass and
the relative system as in (a) will not produce any confusion–further on, we
are only concerned with the case (b) under consideration.
Now, the standard model of the SG experiment is defined by the following
form of the atomic Hamiltonian (in analogy with eq. (8)):
Hˆ = HˆE + TˆCM + HˆR + HˆCM+S + HˆE+CM+R. (11)
Certainly, the Hamiltonian Hˆ in eq. (8) and eq. (11) is the one and the same
observable–it is just written in the different forms, yet in eq. (11) appearing
the interaction term for E, CM and R systems (cf. Appendix 1):
HˆE+CM+R = k
Z∑
i=1
Z∑
j=1
1
|~ˆrEi − ~ˆRCM −
A−1∑
α=1
ω(j)α ~ˆρRα
(j)|
. (12)
Physically, the tripartite interaction HˆE+CM+R is a particular form of the
Coulomb interaction between the atomic electrons and the protons. For-
tunately enough, this tripartite interaction can be reduced to a bipartite
interaction coupling CM and R systems–cf. below.
The close inspection of the rhs of eq. (11) justifies the application of
the adiabatic approximation that in its zeroth order separates the electrons
system from the rest (cf. Appendix 2). More precisely: the electrons are
too light relative to both the CM- and R-mass, thus allowing the standard
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procedure of the adiabatic approximation [2, 13, 14]. On the other side,
for the realistic atoms (Appendix 2), the CM and R mass-ratio does not
allow the application of the adiabatic approximation. So, we expect the
approximate separation of the electrons-state from the rest, CM +R+S, as
well as non-negligible entanglement between CM and R. Formally, the state
of this decomposition of “atom” in subsystems reads:
|χ〉E|Φ〉CM+R+S + |O(κ)〉E+CM+R+S, (13)
where the small term (that bears entanglement, in general, of all of the
subsystems) is of the norm κ3/4, where κ = max{κ1, κ2}, and κi are the
corresponding mass ratios, cf. Appendix 2.
In order to obtain the dynamics of the ”slow” system CM + R (i.e. of
CM +R+ S), one should discard the electrons system as (cf. Appendix 2):
HˆCM+R+S ≡E 〈χ|Hˆ|χ〉E ∼= TˆCM + HˆR + HˆCM+S + HˆCM+R, (14)
where
HˆCM+R ≡E 〈χ|HˆE+CM+R|χ〉E (15)
represents the effective (the electrons–system mediated) interaction between
CM and R.
Now, due to the two interaction terms, HˆCM+S and HˆCM+R in eq. (14), it
is straightforward dynamically to obtain entanglement in the dominant term
of the state in eq. (13), |Φ〉CM+R+S. Actually, for the initial state
|Ψ〉CM |0〉R 1√
2
(|+〉S + |−〉S),
it is easy to obtain entanglement (compare to eq. (10)) as:
Uˆ |Ψ〉CM |0〉R 1√
2
(|+〉S + |−〉S) ∼= 1√
2
(| ↑〉CM |1〉R|−〉S + | ↓〉CM |2〉R|+〉S).
(16)
where Uˆ is generated by Hˆ represented in eq. (14). Now, assuming the
orthogonality R〈1|2〉R ≈ 0, by tracing out the “environment” R from the rhs
of eq. (16) follows the mixed state eq. (1) for CM + S system.
3. The occurrence of decoherence in SG experiment
In general, the interaction between the open system and its environment is a
necessary, not yet the sufficient condition for decoherence. The occurrence of
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decoherence is a subtle an issue, indeed [7, 8], formally depending on the (at
least approximate) orthogonality of the environmental states–e.g., the states
|i〉R (i = 1, 2) on the rhs of eq. (16). So, the presence of the interaction
HˆCM+R opens in principle a room for decoherence of CM ’s states that are
yet to be determined.
The occurrence of decoherence generated by HˆCM+R competes with the
recurrence that bears the two origins. First, the dynamics generated by the
open system’s self-Hamiltonian (HˆCM) produces coherence as–cf. below–
not commuting with the interaction term (HˆCM+R). Second, the overall
dynamics (generated by the total Hamiltonian Hˆ) is unitary, and for the
small environment, the recurrence of the initial coherence may be effective.
Unfortunately, the method of the unitary operator Uˆ applied here does not in
general allow the estimations of the decoherence time and of the recurrence
time. On the other side, by investigating solely the interaction term, one
may conclude about the possible “pointer basis” of the open system CM [7,
8].
Therefore, the task for this section reads: to calculate the interaction term
HˆCM+R and to estimate both the possible “pointer basis” states (within the
context of the standard model of SG experiment) as well as the dependence
of the interaction on the size of the atom; following eq. (12), the “size of the
atom” is determined by the number of the electrons (protons), Z, not yet
by the “mass number” A. This way, we estimate the relative strength of the
interaction and its efficiency in producing decoherence for the CM ’s pointer
basis states. Investigating the decoherence- and the recurrence-time requires
the different methods (e.g. certain types of the master equations, cf. e.g.
[15]) and comes out of the scope of the present paper.
3.1 The interaction HˆCM+R
The dynamics of the slow system CM + R + S is generated by HˆCM+R+S,
eq. (14). However, essential for our program is the interaction term eq. (15).
Substitution of eq. (12) in eq. (15) directly gives:
HˆCM+R = k
Z∑
i=1
Z∑
j=1
E〈χ| 1
|~ˆrEi − ~ˆRCM −
A−1∑
α=1
ω(j)α ~ˆρRα
(j)|
|χ〉E (17)
where |χ〉E are the eigenstates of the adiabatically-defined electrons-system
self-Hamiltonian HˆE . Being interested in the Z-dependence of HˆCM+R, we
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introduce the following choice: for |χ〉E, we take the Z-electrons Slater de-
terminant constructed from the hydrogen-atom states. So, we neglect both,
the adiabatic approximation as well as the corrections for the many-electrons
atoms. We believe that these simplifications will not significantly change the
result, while bearing in mind yet that the states appearing in |χ〉E refer to
the point-like nucleus.
The expression eq. (17) bears formally identical terms for all the protons,
so we can write:
HˆCM+R = ZHˆ
′
CM+R (18)
where
Hˆ
′
CM+R = k
Z∑
i=1
E〈χ| 1
|~ˆrEi − ~ˆRCM −
A−1∑
α=1
ωα~ˆρRα|
|χ〉E, ∀j. (19)
Due to the exact orthogonality of the one-electron states |φi〉E appearing
in |χ〉E, one easily obtains:
Hˆ
′
CM+R = k
Z∑
i=1
E〈φi| 1
|~ˆrEi − ~ˆRCM −
A−1∑
α=1
ωα~ˆρRα|
|φi〉E , (20)
where the i enumerates the electrons, i.e. the states |φi〉E appearing in the
Slater determinant |χ〉E.
Measuring (as usual in quantum mechanics of molecules [13, 14]) the
electrons positions from the (point-like) atomic nucleus, ~ˆrEi −→ ~ˆrEi−~rCM IˆE,
the expression (20) obtains the following form in the position-representation:
HˆCM+R = kZ
Z∑
i=1
∫ |φi(~rEi − ~rCM)|2
|~rEi − ~ˆRCM −
A−1∑
α=1
ωα~ˆρRα|
d3~rEi. (21)
By introducing the “shift”: ~rEi − ~rCM ≡ ~ξi, one obtains the following form
for HˆCM+R (while omitting the unnecessary index i in the vector ~ξi):
HˆCM+R = kZ
Z∑
i=1
∫ |φi(~ξ)|2
|~ξ − ~ˆΩCM+R|
d3~ξ (22)
where ~ˆΩCM+R ≡ −~rCM IˆE + ~ˆRCM +
A−1∑
α=1
ωα~ˆρRα.
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The method for calculating (22) can be found in Ref. [16]. The details
are presented in Appendix 3, and the result for the atoms with the “closed
shells”, reads :
HˆCM+R = kZ
∑
n
n−1∑
ℓ=0
n−ℓ−1∑
g=0
2g∑
t=0
(2ℓ+ 1)
2n22(n−ℓ−1)
(
2(n− ℓ− 1)− 2g
n− ℓ− 1− g
)
×
× (2g)!
g!(2ℓ+ 1 + g)!
(
2g + 2(2ℓ+ 1)
2g − t
)
(−2)t
t!{
(2ℓ+ t+ 2)!
(
1− exp
(
− 2ZΩˆ
naµ
) 2ℓ+t+2∑
f=0
(2ZΩˆ
naµ
)f
f !
)
Ωˆ−1
+
2Z
naµ
(2ℓ+ t+ 1)! exp
(
− 2ZΩˆ
naµ
) 2ℓ+t+1∑
f=0
(2ZΩˆ
naµ
)f
f !
}
, (23)
where Ωˆ ≡ |~ˆΩCM+R| and aµ is the analog of the Bohr radius. In eq. (22),
the index i enumerates the electrons, i.e. the one-electron quantum states
determined uniquely by the hydrogen-atom quantum numbers, n, ℓ and m.
This is the origin and the meaning of the indices n, ℓ and m in eq. (23).
3.2 The pointer basis and the relative strength of interaction
The expression (23) is the effective interaction of CM and R subsystems of
the atomic nucleus. The interaction stems directly from the couplings present
in the exponential-, polynomial- as well from the Ωˆ−1–terms.
More precisely, due to definition of Ωˆ (cf. above) one directly infers the
information about the possible pointer basis [7, 8] for CM system. It is rather
apparent: HˆCM+R is exactly diagonalizable in the continuous eigenbasis of the
observable ~ˆRCM : 〈~RCM |HˆCM+R|~R′CM〉 = 0 for ~RCM 6= ~R′CM , thus promoting
[7, 8] the basis |~RCM〉 as the possible pointer basis. However, there is an
even better choice of the pointer basis, i.e. of the “preferred set” of (non-
orthogonal) yet normalizable states.
Actually, the minimal–uncertainty (the “coherent”) states |Ψµν〉CM mod-
eling the CM wave-packets approximately diagonalize HˆCM+R–as presented
in [3, 17]. These states approximate both ~ˆRCM and its conjugate momentum-
operator ~ˆPCM , thus allowing one to define the semi-classical trajectories of
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the wave packet modeled by |Ψµν〉CM . The transition from the exact (non–
normalizable) states |~RCM〉 (or |~PCM〉) to the “coherent states” |Ψµν〉CM is
generally established by von Neumann [3] (cf. ch. 5 therein). So, we may
promote the “coherent states” |Ψµν〉CM as the approximate pointer basis that,
fortunately enough, fits with the wave-packet model [1, 2, 3, 5] of the atoms
in the SG experiment.
Finally to this section, our aim is to determine the relative strength of
HˆCM+R, i.e. to determine its Z–dependence. This is certainly essential for
our program: the cases Z = 0, 1 can not be described by the model (b), so
we want to estimate the strength of HˆCM+R for the different values of Z > 1.
To this end, we first want to stress: in eq. (23) appear the multiplications
of the exponential functions of Z with the polynomials of Z. As it can be
easily shown, already for Z ∼ 10 , one may neglect all such multiplications,
thus obtaining the “linear” dependence of HˆCM+R of Z (for Z
∼
> 10):
‖HˆCM+R‖ ∼= βZ‖Ωˆ−1‖ (24)
where
β ≡ k∑
n
n−1∑
ℓ=0
n−ℓ−1∑
g=0
2g∑
t=0
(2ℓ+ 1)
2n22(n−ℓ−1)
(
2(n− ℓ− 1)− 2g
n− ℓ− 1− g
)
×
× (2g)!
g!(2ℓ+ 1 + g)!
(
2g + 2(2ℓ+ 1)
2g − t
)
(−2)t
t!
[(2ℓ+ t+ 2)!]. (25)
The appearance of the quantum numbers n, ℓ and m in eq. (25) appar-
ently points the Z–dependence of the parameter β. Now, bearing in mind
that eq. (23) refers to the atoms with the “closed shells”, we prepared a nu-
merical estimation for the Z–dependence of β, yet for the particular values:
Z=10, 28, 60, 110, 182 (i.e. for n=2, 3, 4, 5, 6). The result is presented in
Fig. 1, clearly stemming the linear dependence of β on Z.
Therefore, we emphasize: except for the small atoms, i.e. for the small
values of Z (Z < 10) , one obtains that the strength of interaction HˆCM+R
approximately scales as Z2, thus clearly giving advantage to the larger atoms
(with the larger Z) in the sense of the possible occurrence of decoherence,
which may select (cf. above) the “coherent states” as the approximate pointer
basis.
3.3 The physical picture
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Figure 1: Dependence of the factor β on Z for the atoms with the closed
shells.
The possible occurrence of decoherence regarding the model (b) gives the
following physical description of the SG experiment.
The free moving of the nucleus center-of-mass wave-packet is adiabati-
cally followed by the electrons. The external magnetic field quickly induces
entanglement between the CM system and the atomic effective spin S [5].
The fast formation of entanglement in CM + S system can be easily shown
to be followed by the formation of entanglement between CM and R system
(as generated by HˆCM+R) , the later also being adiabatically decoupled from
the electrons system E. The subsequent decoherence gives rise to the semi-
classically well-defined trajectories of the CM system, thus giving rise to the
mixed state eq. (1). Certainly, the screen is supposed to serve as a passive
recorder of the “objectively” existing trajectories of the nucleus center-of-
mass–the atomic-nucleus center-of-mass serves as a “quantum apparatus”
for the atomic spin, that fits essentially with the standard interpretation of
the SG experiment.
However, as distinct from the standard interpretation, our model of the
SG experiment removes the focus from both the atomic center-of-mass as
13
well as from the atomic mass. As to the later, the parameter of interest is
not the atomic mass but the number of the protons (electrons) in the atom,
Z. The interaction HˆCM+R, that is responsible for the possible occurrence of
decoherence, scales (approximately) as Z2, thus clearly giving advantage to
the larger atoms as possibly the decoherent systems.
Interestingly enough, the presence of bothR and E systems is necessary for
the occurrence of decoherence. First, nonexistence of R stems nonexistence
of the interaction HˆCM+R. On the other side, nonexistence of the electrons
system would imply nonexistence of the tripartite interaction-term HˆE+CM+R
and thus–cf. eq. (15)–again, nonexistence of the interaction HˆCM+R (in some
analogy with the model (a)). Therefore, the model (b) stems the absence of
the SG-effect for the free electrons, protons and neutrons (the later already
being well-known from [18]), for the bare atomic nuclei as well as for the
hydrogen atom. The effect can be considered to be rather weak for the small
atoms (Z < 10) and more effective for larger atoms. The precise form of
HˆCM+R for the atoms with “incomplete shells” can be easily obtained by
adapting eq. (23)–e.g. by adding the new terms defined by the states of the
electrons not (classically speaking) belonging to the “closed shells”. This,
however, does not seem to change anything in our qualitative estimation of
the Z-dependence of HˆCM+R.
The physical basis of a possible experimental test of the model (b) can
be now directly borrowed from Ref. [5]. While we do not guarantee that the
screen really captures the atomic-nucleus-, instead of the atomic-center-of-
mass, the experimentally observed absence of the effect e.g. for the massive,
bare atomic nucleus might be a significant support for the model considered.
Needless to say, if the screen captures the center-of-mass of the atom as
a whole, one seems to be obliged to reinterpret the SG experiment. Actually,
(as emphasized in Introduction) then the screen itself would be responsible
for the decoherence-like effect by transforming the pure state eq. (2) into
incoherent mixture eq. (1).
4. Discussion
The choice of the collective degrees of freedom of atomic nucleus naturally–
and, probably, unavoidably–calls for the adiabatic approximation for the
atomic electrons system. The nuclear physics theory seems silent in this
regard [11]. The estimates of the mass-ratios (cf. Appendix 2) justify the
adiabatic cut of the electrons from both CM and R systems, not yet jus-
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tifying the adiabatic cut of R from CM–the later giving possibly rise to
the occurrence of decoherence that is induced by the bipartite interaction
HˆCM+R.
The interaction model eq. (23) justifies (cf. Section 3.2) the wave-packets
as the approximate pointer basis thus recovering the standard interpreta-
tion of SG experiment. As a benefit, we obtain that for the larger atoms,
the decoherence-inducing interaction is stronger, while for the free electrons
(likewise the protons, and particularly the neutrons [18,19]), as well as for the
hydrogen atom, one can not expect decoherence due to nonexistence of the
subsystem R. Of course, we have not proved the occurrence of decoherence–
this requires the different methods (e.g. in estimating the decoherence- and
the recurrence-time [15]). Nevertheless, we have prepared all the necessary
data in the case the decoherence may be considered to be effective, yet bear-
ing some subtlety.
Actually, one may pose the following question. The straightforward ex-
trapolation of our model may seem to imply the occurrence of decoherence
for the larger systems–such as the large molecules, and even more for the
macroscopic systems–due to the internal environment. Bearing this in mind,
one may ask if our model contradicts the experimentally verified coherence
(interference) of the large-molecules’ center-of-mass states [20]. Interestingly
enough, our model directly answers this question: the R system can not be
considered to induce decoherence of CM system for large quantum systems.
Namely, the mass ratio (Appendix 2) κ3 = µ/M decreases with the increase
of the number of particles in the system, thus in effect allowing the adiabatic
separation between CM and R; the larger the system, the larger the total
massM , while µ remains virtually unchanged. In the formal terms: the large
system’s state is presented approximately (the larger the system the better
the approximation) by the first term in eq. (13). Therefore, we conclude
that the occurrence of decoherence for the large systems is not induced by
the internal environment–as supported by the macromolecules decoherence
experiments [21].
Finally, we should clarify the relation between the two different models
of “atom” as defined by (a) and (b) in Section 2.1. Actually, one may ask,
after all, if “atom” is an isolated or a decoherent (open) system. And this is
another subtle issue, indeed.
The two models are the legitimate physical models of the one and the same
physical system–the “atom”. They represent the different faces (facets) of
“atom”, thus not necessarily providing the same or even equivalent informa-
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tions about “atom”. To this end, a particular approach has recently been
proposed in the context of the problem “what is system” [22-24]. Actually,
the different models of a composite system may still give rise to the mutually
non-equivalent physical and information-theoretic descriptions of the com-
posite system itself. On the intuitive level, answering what is system may
bear some arbitrariness, thus promoting relativity of the very fundamental
physical concept of “system” [22, 23]. In a sense, the two models (a) and (b)
are paradigmatic for the system-relativity issue: both models describe the
one and the same composite system–the “atom”– while the different separa-
tions of the system into subsystems may still give rise to the different physical
descriptions of “atom”. Now, the observation of the atomic center-of-mass
would describe the “atom” as an isolated quantum system. On the other
side–if we trust the model (b)–the observation of the nucleus center-of-mass
(as it might be the case in SG experiment) might give rise to the opposite
answer–the “atom” may appear as a decoherent, and certainly as an open
system. And the system relativity stems [23, 24]: the two answers do not
raise a contradiction; they just represent the two different descriptions of
“atom” still depending on the “point of view”, i.e. on the observables tar-
geted in the course of observation. So, there is not a unique answer to the
above question regarding “atom” as isolated/open system. Observation of
“atom” as isolated quantum system might be equally physically realistic as
the observation of “atom” as open quantum system.
Needless to say, we always observe (or perceive) only a “fraction” (the
comparatively small subsystems) of a composite system, and still try to gen-
erate the proper description of the composite system as a whole. This, how-
ever is a usual conjecture not necessarily supported by the system-relativity
[22-24]. To this end, now appears the following question: whether or not
the models (a) and (b) may be reduced to each other, or to another (not
yet known), more fundamental model of “atom”? In this regard, we just
want to emphasize: mutual irreducibility of the two models seems to stem
as a corollary of the standard interpretation of the decoherence process [6].
Conversely, the mutual reducibility of the models (as well as existence of the
alternative, more fundamental model) might hide a clue for giving the answer
to the problem of the “transition from quantum to classical” [6]–e.g. to the
transition from the isolated to the open “atom”. In this sense, our study
may sharpen this truly fundamental issue of modern quantum mechanics.
So, one may say, that we offer a consistent physical model of “atom”
that might support the standard interpretation of the Stern-Gerlach exper-
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iment. Needless to say, in the case of e.g. experimental disproving of this
(the decoherence–based model), there is the alternative (cf. Introduction)
interpretation of the Stern-Gerlach experiment that still requires elaboration
in the context of the non-repeatable quantum measurement which is out of
the scope of the present study.
5. Conclusion
If the screen in the Stern-Gerlach experiment capturing the atoms brings
the information about the atomic-nucleus center-of-mass (CM), then there
exists a decoherence-based model of the experiment that fits essentially with
the standard interpretation of the experiment. The CM system is assumed
to be monitored by the “relative particles ”(R) subsystem of the atomic
nucleus. The possible occurrence of decoherence is due to the (electrons-
system-mediated) interaction between CM and R. The interaction scales
approximately as Z2 (Z being the number of protons) for larger atoms pro-
viding the CM-wave-packets as the approximate pointer basis. In the case of
e.g. experimental disproving of this model, there seems only one alternative
to remain: the screen is responsible for “reduction” (“collapse”) of the entan-
gled state of CM + S system (S denoting the atomic spin) thus mimicking
existence (as assumed in the standard interpretation of the experiment) of
the definite trajectories of CM system in front of the screen.
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The canonical transformations eqs. (3), (4) define the center-of-mass system
CM with the total mass M , and the set of the “relative particles” defined
by the relative coordinate ~ˆρRα, with the reduced masses µα which define the
kinetic terms TˆRα =
~ˆP
2
Rα
2µα
, that appear in eq. (9).
Due to the distance-dependence of all of the Coulomb- and the nuclear-
interaction-terms, all these interactions obtain the form V (~ˆρRα). I.e. the
interactions become the (effective) external potentials for R. E.g.,
Vˆ
(R)
Coul = k
Z∑
i=1
Z∑
j=1
1
|~ˆρRij |
, (26)
where ~ˆρR
ij = ~ˆrEi − ~ˆrpj, |k| = e
2
4πε0
and, according to eq. (7)
Vˆ nn
′
nucl = −γ2
exp(−µ|~ˆρRnn′|)
|~ˆρRnn′|
. (27)
It can be easily shown that, regarding eqs. (3), (4), the Hamiltonian
obtains the form (8), where (cf. eq. (9)) appears the internal interaction in
the R system [25]:
Mˆ (R)ην ≡
A+Z−1∑
η=1
A+Z−1∑
ν=1
mη+1mν+1
ˆ˙
~ρη · ˆ˙~ρν
M
. (28)
Considering the atom as a whole, the CM mass M = Z(me+mp)+ (A−
Z)mn, where A is the mass number of the atom. The relative masses µα take
the general form
µα =
mα+1(M −mα+1)
M
, (29)
where mα are the constituent-particles masses.
On the other side, for the nucleus center-of-mass, M = Zmp + (A −
Z)mn ≈ Am, while eq. (29) gives:
µ = (1− 1
A
)m, (30)
where we simplify mn = mp
∼
= m.
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Regarding the CM andR as the nucleus subsystems, the original Coulomb
interaction (cf. eq. (6)) that reads:
Vˆ epCoul = k
Z∑
i=1
Z∑
j=1
1
|~ˆrEi − ~ˆrpj|
, (31)
obtains the following form due to eq. (4) :
Vˆ epCoul ≡ HˆE+CM+R = k
Z∑
i=1
Z∑
j=1
1
|~ˆrEi − ~ˆRCM −
A−1∑
α=1
ω(j)α ~ˆρRα
(j)|
. (32)
The rhs of eq. (32) is apparently a tripartite interaction HˆE+CM+R, coupling
E, CM and R, as it appears in eq. (12).
Appendix 2
The kinetic terms TˆCM and TˆRα , as well as TˆE are proportional to M
−1,
µ−1α , m
−1
e respectively, where (cf. Appendix 1) M is the total mass of the
nucleus, µ is the reduced mass for the nucleus–system and me is the mass of
an electron.
Then there appear the three parameters,
κ1 ≡ me
M
, κα2 ≡
me
µα
, κ3 ≡ µ
M
, (33)
where µ = min{µα}; in eq. (30), we approximated µα ≈ µ, ∀α. So, for the
realistic atoms, Z
<∼ 102, one may state the following estimates:
κ1
<∼ 10−4, κ2 <∼ 10−3, κ3 >∼ 10−2, (34)
and κ2 = max{κα2 }.
The values eq. (34) justify the applicability of the adiabatic approximation
[2, 13, 14] for E + CM + R as follows: the small values of κ1,2 justify the
adiabatic cut of the electronic system (E) from both CM and R systems,
while CM and R can not be properly mutually separated.
Now, the standard adiabatic approximation stems [2, 13, 14]: (a) the
exact state of E + CM +R + S system reads:
|χ〉E|Φ〉CM+R+S + |O(κ)〉E+CM+R+S, (35)
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where κ = max{κ1, κ2}, while (b) the “slow” system CM+R+S is described
by the following effective Hamiltonian :
HˆCM+R+S ∼=E 〈χ|Hˆ|χ〉E. (36)
For the larger systems (e.g. macromolecules, or the macroscopic systems),
due to the large number of the particles, the total massM increases, while the
relative mass µ
′
= max{µα} does not significantly change. Then the param-
eter κ
′
3 ≡ µ′/M may satisfy the applicability of the adiabatic approximation
also for CM and R systems.
Appendix 3
The calculation of expression (22) can be performed on the basis of the
“addition theorem” for the spherical harmonics [16]:
1
|~ξ − ~τ | =
∞∑
s=0
|ρ<|s
|ρ>|s+1
[
4π
2s+ 1
s∑
ms=−s
Y ms∗s (ϑτ , ϕτ )Y
ms
s (ϑξ, ϕξ)
]
(37)
where ~τ = (τ, ϑτ , ϕτ ) and ~ξ = (ξ, ϑξ, ϕξ), while ρ< = ξ, ρ> = τ if ξ < τ , and
ρ< = τ , ρ> = ξ if τ < ξ. By “Y ” we denote the spherical harmonics.
Taking for the one-electron states the standard stationary states for the
hydrogen-like atom:
φi(~ξ) ≡ φnℓm(~ξ) = Rnℓ(ξ)Y mℓℓ (ϑξ, ϕξ), (38)
while bearing in mind ~τ ≡ ~ˆΩ, the rhs of eq. (22) takes the following form:
kZ
∑
n
n−1∑
ℓ=0
ℓ∑
mℓ=−ℓ
∞∑
s=0
4π
2s+ 1
s∑
ms=−s
Y ms∗s (ϑτ , ϕτ)×
×
∫ |ρ<|s
|ρ>|s+1R
2
nℓ(ξ)ξ
2dξ ×
×
∫
Y mℓℓ (ϑξ, ϕξ)Y
mℓ∗
ℓ (ϑξ, ϕξ)Y
ms
s (ϑξ, ϕξ) sinϑξdϕξdϑξ. (39)
In eq. (39) we first calculate the sum
ℓ∑
mℓ=−ℓ
I
(mℓ)
ϑϕ , where Iϑϕ is the integral
over ϑξ and ϕξ. Following the result given in [26] (cf. eqs. (1.2-26), (1.2-27)
therein), we obtain for the atoms with the “closed shells”:
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ℓ∑
mℓ=−ℓ
I
(mℓ)
ϑϕ =
2ℓ+ 1√
4π
δs0δms0, (40)
where appear the two Kronecker-deltas.
The integration over ξ in eq. (39) is performed in a few steps. First, the
integral over ξ can be written as [16]:
IR =
∫ τ
0
ξs
τ s+1
R2nℓ(ξ)ξ
2dξ +
∫
∞
τ
τ s
ξs+1
R2nℓ(ξ)ξ
2dξ. (41)
Then the substitution of eqs. (40), (41) in eq. (39) gives the following
expression for eq. (39):
kZ
∑
n
n−1∑
ℓ=0
(2ℓ+ 1)
{
τ−1
∫ τ
0
R2nℓ(ξ)ξ
2dξ +
∫
∞
τ
R2nℓ(ξ)ξdξ
}
. (42)
The integrals appearing in eq. (42) can be managed by the use of the well-
known “incomplete” gamma functions as defined by the following expressions
[27]:
γ(1 + n, x) ≡
∫ x
0
e−ttndt = n!
[
1− e−x
( n∑
m=0
xm
m!
)]
(43)
and
Γ(1 + n, x) ≡
∫
∞
x
e−ttndt = n!e−x
n∑
m=0
xm
m!
. (44)
Now, the integrations over ξ give finally the following form for HˆCM+R
(where we return Ωˆ instead of τ):
HˆCM+R = kZ
∑
n
n−1∑
ℓ=0
n−ℓ−1∑
g=0
2g∑
t=0
(2ℓ+ 1)
2n22(n−ℓ−1)
(
2(n− ℓ− 1)− 2g
n− ℓ− 1− g
)
×
× (2g)!
g!(2ℓ+ 1 + g)!
(
2g + 2(2ℓ+ 1)
2g − t
)
(−2)t
t!{
(2ℓ+ t + 2)!
(
1− exp
(
− 2ZΩˆ
naµ
) 2ℓ+t+2∑
f=0
(2ZΩˆ
naµ
)f
f !
)
Ωˆ−1
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+
2Z
naµ
(2ℓ+ t+ 1)! exp
(
− 2ZΩˆ
naµ
) 2ℓ+t+1∑
f=0
(2ZΩˆ
naµ
)f
f !
}
, (45)
as given in eq. (23) in the body text.
23
